Transcranial Magnetic Stimulation (TMS) is a technique used to study perceptual, motor, and 26 cognitive functions in the human brain. Its effects have been likened to a "virtual brain lesion" but a 27 direct test of this assumption is lacking. To verify this hypothesis, we measured psychophysically 28 the interaction between the neural activity induced by a visual motion-direction discrimination task 29 and that induced by TMS. The visual stimulus featured two elements: a visual signal (dots that 30 moved coherently in one direction) and visual noise (dots that moved randomly in many directions). 31
Introduction 44
Transcranial magnetic stimulation (TMS) involves delivering through a coil a brief (~ 300 µs) 45 magnetic field to the head of a subject. The magnetic field induces a transitory electric current in the 46 cortical surface under the coil causing a transynaptic depolarization of a population of cortical 47 neurons mainly located in the superficial cortical layers. TMS has been used in many different 48 cognitive domains to establish causality in the brain-behavior relationship. Despite its widespread 49 use, what is lacking is an adequate theoretical framework to interpret the experimental data and to 50 plan new protocols (Miniussi et al., 2010) . The effect of TMS has often been interpreted as a 51 transient "virtual brain lesion" (Walsh and Cowey, 1998; Pascual-Leone et al., 1999; Miniussi et al., 52 2010 ) and this expression has often been considered a literal representation of the effects induced 53 by TMS, i.e., temporary inactivation of a population of neurons. However, often the results obtained 54 with TMS do not correspond to those predicted on the basis of lesion studies, underlining the ability 55 of TMS to produce functional modulations, rather than disruption of the neuronal activity 56 subserving a specific behavioral task. For example, the virtual lesion theoretical framework would 57 unequivocally predict a reduction of performance that should correlate with TMS intensity 58 irrespective of task difficulty. In contrast, TMS usually results in increased reaction time or 59 decreased accuracy, neither of which correlate with stimulation intensity (Rossi et al., 2006) . In 60 other cases, performance on similar cognitive tasks is often either facilitated or inhibited by 61 judgment. That is, the behavioral output of a system (in terms of accuracy and reaction time) is a 78 function of the signal-to-noise ratio. In this sense, TMS could be seen to affect this relation by 79 inducing a brief uncorrelated activity in the stimulated area. Since both signal and noise are 80 complementary rather then mutually exclusive, TMS might affect behavior by acting on both these 81 elements i.e., decreasing the signal strength and/or inducing random neural noise (Walsh and 82 Cowey, 2000; Harris et al., 2008b) , with the direction of the effect depending on the properties 83 (morphophysiology) of the stimulated area and on the state of activation of the system (state-84 dependency) (Silvanto et al., 2007; . 85 Harris and colleagues(2008b) investigated TMS-induced effects on the primary visual cortex during 86 a visual discrimination task. The subjects were asked to discriminate the orientation of visual 87 gratings while the level of image noise in the visual stimulus was concurrently manipulated. The 88 effect of the interaction between TMS and stimulus noise on the visual discrimination threshold was 89 interpreted as showing that TMS decreased signal strength without affecting neural noise. 90
In the light of this finding, the aim of the present study was to investigate the effects of TMS with 91 particular attention to the relationship between the induced neural activity and that underlying task 92 execution (task-dependency). Our participants performed a motion discrimination with a random 93 dots kinematogram (RDK) stimulus (Newsome and Pare, 1988) . This gave us the opportunity to 94 interpret our data in a manner consistent with single-cell recordings and electrical stimulation in 95 non-human primates and make a comparison between extent of neural activity (i.e., firing rates) of 96 V5/MT neurons and psychophysical performance. Several studies identified a precise relationship between activity in V5/MT and motion perception performance, the 99 so-called "linking hypotheses" (Teller, 1984) , suggesting that spikes that convey information about 100 motion directional signals in V5/MT neurons are correlated with motion perceptual judgments. 101
Within this theoretical framework we tested three distinct hypotheses (see Figure 1 ). Assuming that 102 TMS injects electrical current into the stimulated area and its distribution selectively affects neural 103 populations that code for the coherent motion directions, the first hypothesis predicts that TMS will 104 lead to an overall impairment of performance through a suppression of effective signal strength. 105 This could be represented by a parallel rightward (or leftward) shift of the psychometric curve with 106 a change of the threshold but not of the slope of the curve. The second hypothesis states that the 107 activity introduced by TMS will be randomly distributed (neural noise) and thus predicts a 108 decrement in the slope of the curve representing a generalized decrement in the sensitivity of the postulates both signal suppression and addition of noise, and thus predicts that both effects will be 111 present. In each trial the percentage of dots moving coherently toward the right or left varied from 1% to 129 6 Each subject performed three sessions: a training session, a psychophysical session to determine the 145 individual motion coherence threshold, and, finally, a TMS session. The TMS session included 146 three conditions, one for each site of stimulation (see the TMS protocol below). The initial training 147 session consisted of 90 trials. The individual's motion coherence threshold was assessed through 148 the method of constant stimuli (total of 300 trials). On the basis of performance in this session we 149 chose for each subject five levels of motion coherence for which a predefined "criterion level" was 150 reached (50%, 55%, 70%, 75%, and 90% accuracy, respectively). These coherent motion 151 percentages were used in the TMS session (150 trials for the three TMS conditions explained 152 below). individual target area locations were determined by a functional method -i.e., measuring the 166 location and intensity necessary to induce stable or moving phosphenes by a single TMS pulse. This 167 was performed starting from 5 cm lateral and 3 cm above the inion for V5/MT and 2 cm lateral and 168 1 cm above the inion for V1/V2. Once the target areas (V5/MT and V1/V2) were identified, they 169 were marked on the cap as the individual subject's stimulation sites for the study. The mean coil 170 position for left V5/MT stimulation was identified at 5.11 cm (±0.69) lateral to the inion and 3.51 171 cm (±0.49) above the inion. For left V1/V2 stimulation, the mean coil position was 2.27 cm (±0.25) 172 lateral to the inion and 1.96 cm (±0.21) above the inion. 173
The individual phosphene threshold was established using the Modified Binary Search (MOBS) 174 algorithm (Tyrell and Owens, 1988) for both the V5/MT and V1/V2 sites of stimulation. For both 175 areas, the stimulation intensity used during the experiment was set to 120% of each subject's 7 maximum stimulator output. The mean intensities of stimulation for V5/MT and V1/V2 were 69% 179 (±14) and 67% (±10), respectively. 180
For V5/MT stimulation, the coil was placed tangential to the scalp with the handle pointing towards 181 the midsagittal axis of the subject's head. The coil was oriented vertically with the handle pointing 182 upwards for the V1/V2 location. During the experiment the stimulating coil was fixed by means of 183 a mechanical support that consisted of an articulated mechanical holding arm (Manfrotto Magic arm 184 with two clamps) and a heavy duty tripod for all conditions. This arm allowed maximum flexibility 185 for positioning the coil at the desired location, for selecting the appropriate orientation and for 186 providing maximum stability once fully positioned. During the TMS session, three TMS pulses 187 were delivered starting 50 ms after the onset of the RDK at a frequency of 15 Hz (150ms inter-pulse 188 interval). We chose this type of stimulation since we were not interested in mental chronometry but 189 wanted to have a stable condition over time to test the type of effect induced by TMS over V5/ MT. 190 Moreover the temporal parameters used were not adequate to induce a scotoma at V1/V2 level 191 overlapping stimulus presentation (i.e., generally about 80-100 ms). The control condition was an 192 active stimulation over Cz, a location that corresponds to a brain area that is supposedly not 193 involved in visual processing. The order of the three locations of TMS application, i.e., V5/MT, 194 V1/V2, and Cz stimulation, was randomized across subjects. shown in figure 2, post hoc comparisons confirmed that discrimination task performance was 219 impaired for V5/MT compared to Cz stimulation, but only for the higher levels of motion coherence 220 (≥ 75% accuracy). Specifically, performance was impaired for the fourth and fifth levels of motion 221 coherence. Moreover, a significant difference was found between V1/V2 and V5/MT for the fifth 222 level of motion coherence (90% accuracy). There was no difference between V1/V2 and Cz sites of In order to verify that, the decrement in the slope for the V5 TMS condition, was not related to 254 spurious correlation, we compared the two-parameters model against a single parameter model, in 255 each subject. This was done for V5 TMS and Cz TMS allowing a changing of the threshold, 256 followed by a forced slope to be identical between conditions. A single threshold was estimated for 257 both the psychometric curves, assuming that the threshold was not different for the two data sets. 258
Thus we were able to test the effective weight of the slopes on the goodness-of-fit (i.e., one model 259 parameter). This analysis revealed that the slope decrement was not due to a spurious correlation, 260 since the goodness-of-fit in the slope one model parameter was worst than the two parameters 261 model for all but 2 subjects (77.78%) ( Finally, a repeated measures ANOVA was performed with the following factors: site of stimulation, 267 levels of motion coherence, and PAS ranks. A significant interaction between levels of motion 268 coherence and PAS ranks was found [F (12, 96) = 16; p < 0.01], but there was no interaction 269 between sites of stimulation and PAS ranks. Accordingly, increasing motion coherence tended to 270 increase perceptual awareness of direction, but no differential effects of TMS were detected. 271 272
Discussion 273
In brain stimulation studies involving perception and cognition, TMS may modify the signal-to-274 noise ratio of highly organized neural activity and this often (but not always) results in impairment 275 of the subject's performance. In principle, these changes in performance may be due to a reduction 276 in the strength of the neural signal (Harris et al., 2008b) , an increase in neural noise in the investigating the effect of TMS on the shape of the psychometric function in a visual motion 279 discrimination task. 280
The results showed that administering TMS over V5/MT leads to a decrement in motion 281 discrimination performance with above-threshold stimuli. This means that only with high levels of 282 coherence (or low levels of noise) it is possible to observe the effect of TMS on the neural 283 population activity that code for the relevant information, and therefore on behavior. The 284 impairment in task performance was not associated with a rightward (or leftward) shift in the 285 psychometric function, suggesting that TMS does not reduce the strength of the neural signal in a 286 direction discrimination task. Since the intensity of the signal arises from the interaction between 287 two factors, namely, firing rate and number of neurons activated by the stimulus, an eventual 288 reduction in signal strength would have been due to a reduction/suppression of the activity of the 289 neural population that code for the "relevant information" (i.e., signal), therefore reducing the 290 strength of the behavioral response. This might be the consequence of an alteration in membrane 291 permeability induced directly by TMS, or more likely, to a TMS enhancement of the inhibitory 292 However, this was not the case, and what we observed was a decrease in the slope of the 294 psychometric function for the same stimulation site indicating increased neural noise in the system 295 and a reduction of its sensitivity as a consequence of an increase in response variance. Thus, these 296 results are in agreement with our second hypothesis, namely, that TMS acts by increasing neural 297 noise in the stimulated area. 298
The lack of significant differences in terms of perceptual awareness indicates that TMS affects only 299 the perceptual ability to discriminate motion direction rather than higher cognitive mechanisms such 300 as perceptual consciousness, decision-making or response selection and execution. This lack of 301 modifications suggests that the TMS effect is highly specific for the task i.e., motion direction 302 discrimination, which engages a specific site i.e., the stimulated (V5/MT) area, instead of a 303 downstream area. No significant differences were found for V1/2-TMS, in spite of the anatomical 304 and functional interconnections between V1/V2 and V5/MT. Therefore, we assume that the task 305 used here is specifically subserved by V5/MT and so are the TMS effects. 306
Since we cannot interpret these results without referring to the stimulated area, it is important to 307 note that neurons in V5/MT show response selectivity in terms of visual motion direction coding 308 (Newsome and Pare, 1988; Britten et al., 1992; Salzman et al., 1992) and these neurons are 309 organized in different clusters on the basis of their preferred motion direction (Zeki, 1974; Albright 310 et al., 1984; Krug, 2004) . Several studies Shadlen et al., 1996; Bair et al., 2001;  between neural activity in V5/MT and motion perception suggesting a correlation between activity 313 of V5/MT neurons and motion perceptual judgments (Teller, 1984) . In a microstimulation study, 314 Murasugi and colleagues (1993) found that microstimulation of a precise V5/MT neural column 315 which coded for the preferred motion direction, led to an increase in the number of responses in the 316 preferred direction as a result of injection of coherent motion signal in the congruent direction. 317
However, when the amplitude of the electrical current was increased, the slope of the psychometric 318 function related to V5/MT stimulation also changed. Increasing the amplitude of the electrical 319 current could be associated with an increase in the dimension of the stimulated area and number of 320 stimulated neurons, therefore suggesting an activation of further neurons that coded for other 321 motion directions different than the preferred one (Murasugi et al., 1993) . In other words, increasing 322 the amplitude of the electrical current produced an increase in not only the signal but also in the 323 neural noise. 324
Returning to TMS studies, it seems logical to conclude that specific neural activity in the V5/MT 325 area correlates with a subject's performance and that modifying that activity by TMS should yield 326 modification of the subject's behavioral performance. Since our aim was to find a link between 327 behavioral TMS studies and physiology, through a psychophysical approach, we applied the same 328 rationale as that used in studies with electrical microstimulation of a monkey's V5/MT region. We 329 believe that electrical microstimulation and single-cell recording combined with psychophysics 330 provides the best framework to interpret our data since TMS, as microstimulation, essentially 331 induces an electrical current flow in the cortex. Obviously, there are differences between the two 332 techniques, the spatial resolution of TMS is indeed lower and therefore no specificity on the 333 stimulated neural population can be claimed. Nevertheless our results corroborate those from 334 electrical microstimulation experiments when an increase of the amplitude of the electrical current 335 is used, and thus a larger area is stimulated with a consequent lower spatial resolution. In the same 336 way, it is likely that magnetic stimulation would affect all neural populations, i.e., both neurons that 337 code for coherent motion directions and those that code for all the others motion directions (that 338 with respect to the task can be defined as random) within the stimulated cortical area. Thus, TMS 339 induces neuronal activity that adds itself to the ongoing neural activity which can be considered 340 both as noise and as part of the signal depending on the neuronal population stimulated. In this way, 341 TMS could generate neural activity (noise) with respect to the relevant information carried by the 342 stimulated area (signal). Therefore, TMS seems to influence both those neurons that code for non-343 specific responses, i.e., noise, and those that code for coherent motion, i.e., signal, but the At the neural level, we speculate that in the case of motion coherence under perceptual threshold or 346 near-threshold, the level of activity for both the neural populations involved in the task (coherent 347 motion direction and random motion directions) is not at maximum level and TMS excites 348 approximately the same number of neurons in both neural populations. As a result, the general level 349 of activation is increased but the signal-to-noise ratio remains the same as in control condition and 350 therefore performance is unaffected. By contrast, when motion coherence is above the perceptual 351 threshold, the signal-to-noise ratio induced by visual stimulation is higher, leading to a good level 352 of performance (90% of accuracy in our experiment). In this activation state, TMS mainly excites 353 the neural populations that are less active in that moment, namely, those that code for random (e.g., discharge, corresponding to the activation of the neural populations entrained by the electric field 362 (Veniero and Miniussi, 2008) , that will alter the signal-to-noise ratio. Increasing neural noise 363 therefore will increase the amount of neurons that code for other information and decrease 364 performance. This initial neural activation is generally followed by a reduction of activation in the 365 stimulated site that can temporary alter further neural communications with the connected areas. parameters. These concern the intensity, frequency of stimulation, the orientation, shape and 377 dimension of the coil (focality and depth of stimulation), the timing and duration of stimulation, as 378 well as the possible interactions between these factors (see Rossi et al., 2009 ; Wasserman et al., 13 2008). The definition of the methodological variables in a "brain-oriented" structure i.e., to define 380 the parameters of stimulation on the basis of the effects that can be induced in a given system, can 381 lend strong support to the final interpretation of the data. 382
In conclusion, data modeling using logistic psychometric function showed that TMS increases 383 neural noise in the stimulated area, and, as a consequence, in our task induced a decrement in the 384 slope of the psychometric function. Together, these results suggest that through a psychophysical 385 approach, it is possible to highlight the functional activation state of the target area and to determine 386 the specificity of the behavioral effects in the context of TMS administration. Traditionally, 387 applications of TMS have focused on characterizing the relationships between cortical areas and 388 behavior and to trace the temporal course of the activity of a particular cortical region that 389 contributes to a given task. However, there are limits to how much knowledge can be gained from 
